. Some of these changes presumably have important roles in freezing tolerance, whereas others may contribute to the overall fitness of the plant for low-temperature survival. Indeed, there is strong evidence indicating that certain alterations in lipid composition have a direct role in the enhancement of freezing tolerance (25). In most cases, however, the specific role that a given change has in the cold acclimation process remains uncertain.
Many plants increase in freezing tolerance in response to low nonfreezing temperatures (10, 26) . The molecular basis for this response, termed cold acclimation, is poorly understood. Comparative biochemical studies have documented a variety of changes that occur at low temperature including alterations in lipid, protein, and carbohydrate composition (10, 25, 26) . Some of these changes presumably have important roles in freezing tolerance, whereas others may contribute to the overall fitness of the plant for low-temperature survival. Indeed, there is strong evidence indicating that certain alterations in lipid composition have a direct role in the enhancement of freezing tolerance (25) . In most cases, however, the specific role that a given change has in the cold acclimation process remains uncertain. It has been established that changes in gene expression occur during cold acclimation in a wide range of plants (10, 26) . Fundamental issues that must now be addressed include determining whether cor2 genes are conserved among plants, whether they have direct roles in freezing tolerance, and whether they are regulated by similar control mechanisms. Toward these ends, we have compared cor genes from Arabidopsis and wheat (Triticum aestivum L.). The results indicate that the polypeptides encoded by a number of the Arabidopsis and wheat cor genes share the unusual property of remaining soluble upon boiling (16) . Furthermore, we have found that wheat has at least one cor gene that is related to Arabidopsis cor47, a gene that encodes a 'boiling-stable' polypeptide (16) . Here we continue our characterization of the cor47-related wheat gene.
MATERIALS AND METHODS Plant Material
Triticum aestivum L. cv Winoka, a hardy winter wheat variety (9) , was grown in controlled environment chambers at 200C with a photoperiod of 14 h using fluorescent bulbs that provide a light intensity of approximately 120 ,umol m-2 s-1 (at canopy height). Plants grown under these conditions for 2 weeks were either harvested directly or cold acclimated, treated with ABA or subjected to water stress. For cold acclimation, plants were transferred to controlled environment chambers set at temperatures ranging from 2 to 180C (14-h daylength were not watered. Plants were harvested when they became visibly wilted (1-2 weeks) and the RWC was calculated as
TW -DW where FW is the fresh weight, DW is the dry weight, and TW is the turgid weight (determined after floating leaves on distilled water for 3 h).
In some experiments, 1-month-old seeds harvested from field-grown Triticum aestivum L. cv Augusta were used. Germination of the seeds was carried out on filter paper moistened with water in Petri dishes at room temperature on the laboratory bench.
cDNA Clones
The isolation of pWG1 was described previously (16) ; it is a cDNA clone in pBluescript SK-(Stratagene) that represents a cor gene from T. aestivum cv Winoka. Southern analysis has indicated that the gene is related to Arabidopsis cor47 (16) . pWG2 is a derivative of pWG1 in which the orientation of the cDNA insert (an EcoRl fragment) was reversed using standard recombinant DNA methods.
RNA and DNA Extraction
Plant material (leaves, roots, crowns, and seeds) was frozen in liquid nitrogen, pulverized using a mortar and pestle, and stored at -800C before extraction of nucleic acids. Total and poly(A+) RNA was isolated as previously described (7) . Genomic DNA was prepared from leaf tissue as described before (12) . Plasmid DNA was prepared using standard protocols (22) .
Northern and Southern Analysis
Northern and Southern transfers were prepared and hybridized with 32P-labeled probes as described previously (12 6.9] , 100 mm DTT) and fractionated by either SDS-PAGE or two-dimensional gels as described above.
DNA Sequence Analysis
The DNA sequence of the pWG1 cDNA insert was determined on both strands as described previously (6) . Premature termination, which was a significant problem in the sequencing reactions, was minimized by performing the reactions at 500C and using the TaqTrack sequencing system (Promega). DNA and protein sequence analysis was done using the CGC programs (version 6.0) of the University of Wisconsin Biotechnology Center, Genetics Computer Group (Madison, WI) and the PROSIS and DNASIS programs of Hitachi (San Bruno, CA). Hydropathy plots were conducted using a window of nine amino acid residues according to the method of Kyte and Doolittle (14) . TFASTA (19) and WORDSEARCH (30) programs were used for amino acid and nucleotide sequence comparisons.
RESULTS

Identification of the Polypeptide Encoded by pWG1
We previously presented DNA hybridization data indicating that pWG1 represents a wheat cor gene that is related to Arabidopsis cor47 (16) . Results of in vitro transcription/translation experiments indicated that the wheat gene, like cor47, encoded a boiling-stable polypeptide of about 47 kD. Specifically, in vitro translation of poly(A+) RNA isolated from cold-acclimated plants resulted in the synthesis of a number of boiling-stable polypeptides including two that were about 48 kD and had pI values of about 7.5 ( Fig. 1A) . Likewise, in vitro transcription/translation of pWG1 resulted in the synthesis of two major boiling-stable polypeptides of about 48 kD with pI values of about 7.5 (Fig. 1B) ; in vitro transcription/ translation of pWG2, a plasmid carrying the pWG1 insert in reverse orientation, did not produce any boiling-stable polypeptides (not shown). Presumably, the 48-kD polypeptides synthesized in the two translation experiments were the same, indicating that pWG1 contains the entire open reading frame for the gene it represents. The 48-kD doublet probably resulted from initiation of translation at both the first and second in-frame ATG codons of the transcript (Fig. 2) . (Fig. 1) . However, the molecular mass of the deduced polypeptide was 39.1 kD, not 48 kD as indicated by SDS-PAGE (Fig. 1B) . The basis for the apparent anomalous migration of COR39 on SDS-PAGE is unknown, but similar aberrant behavior has been noted for certain group II LEA proteins (8, 29) , proteins related to the 39-kD polypeptide (see below). The gene represented by pWG1 was designated cor39 and the polypeptide that it encoded termed COR39.
COR39 Is Related to Group 11 LEA Proteins
Analysis of the COR39 sequence indicated that the polypeptide was glycine rich (27%), that it contained high proportions of threonine (16%) and histidine (11%), and that it was devoid of both cysteine and tryptophan residues. The hydropathic profile of the polypeptide indicated that it was hydrophilic (not shown); the hydropathic index of the polypeptide was -1.1. Further analysis indicated that COR39 was composed primarily of two repeating units. One unit was lysine rich, designated KR (Fig. 2, Table I ), and the other was glycine rich, designated GR (Fig. 2 , Table II ). Both repeats occurred six times in the polypeptide, and both were imperfect, varying in composition and number of residues.
Lysine-rich repeats nearly identical with those in COR39 occur in Arabidopsis COR47 (6) and members of the group II family of LEA proteins (4) . A comparison of the COR39 repeats with those from COR47 and three representative group II LEA proteins-rice RAB21 (17) and barley 'dehydrins' B17 and B18 (2)-are presented in Table I . Glycinerich repeats closely related to those of COR39 also occur in RAB21, B17, and B18 (Table II) . A TFASTA search of the GenBank (release 68) and EMBL (release 27) data bases indicated that the barley dehydrins B17 and B18 had the highest scores for sequence similarity with COR39; homologs of cor39 were not identified.
cor39 Hybridizes with Multiple Cold-Regulated Transcripts
Transcripts that hybridized with cor39 accumulated in the leaf, root, and crown tissues of cold-acclimated plants (Fig.  3) . With each tissue, multiple bands of hybridization were observed. The major band of about 1.5 kb (which was occasionally resolved into a doublet) presumably corresponded to cor39 transcripts (the pWG1 insert was 1.3 kb without a polyadenylation tail) and possibly other related transcripts. In addition, there were bands of about 3.3 and 0.8 kb, the relative intensities of which varied from experiment to experiment. These transcripts probably originated from genes related to cor39. Indeed, restriction digests of total wheat DNA contained multiple fragments that hybridized with pWG1 at relatively high stringency, indicating that wheat has a number of loci related to cor39 (Fig. 4) .
Time-course studies indicated that the transcripts that hybridized with cor39 transcripts began to accumulate within 2 h after placing wheat plants at low temperature (20C) and continued to increase in concentration up to about 24 h of cold treatment (Fig. 5A) . The levels of the cold-regulated transcripts remained high for as long as the plants were kept in the cold (up to 3 weeks) and decreased rapidly upon transferring plants back to normal growth temperatures (220C); within 2 h, a dramatic decrease in transcript levels was detected, and by 6 h, they had returned to the levels found in nonacclimated plants (Fig. 5B) . The threshold temperature for accumulation of the cor39-related transcripts was about 120C (Fig. 6 ).
Transcripts That Hybridize with cor39 Are Present in Seeds
Previous studies have shown that lea transcripts accumulate to high levels late in embryo development, remain at high levels in fresh dry seeds, and decrease quickly in concentration upon germination (24) . Because cor39 is related to group II lea genes, we were interested in whether cor39-related transcripts were present in seeds. Northern analysis indicated that there were (Fig. 7) . Furthermore, the data indicated that the levels of the transcripts decreased to low levels during seed germination (Fig. 7) . The hybridization pattern observed with the RNA samples isolated from seeds, however, was different from that obtained with RNA isolated from cold-acclimated plants: there was no evidence of the 3.3-or 0.8-kb transcripts and those that were detected were about 1.3, not 1.5, kb. Thus, either cor39 was expressed in seeds, but a smaller transcript was produced than in coldacclimated plants (possibly due to the use of different sites of transcription initiation or termination, different processing events, etc.), or, more likely, another gene related to cor39 was expressed in the seed.
Expression of cor Genes in Response to ABA and Water
Stress
Arabidopsis cor47 and three other cor genes are responsive to both ABA and water stress (12) . Northern analysis indicated that a similar situation holds for at least certain wheat cor genes. In particular, transcripts of about 3.3 and 1.5 kb that hybridized with cor39 were detected in cold-acclimated, ABA-treated, and water-stressed plants (Fig. 8) ; whether the 0.8-kb cold-regulated transcripts were also present in the ABA and water-stressed plants was uncertain because of degradation of the RNA samples (this occurred in multiple experiments). The accumulation of cor39-related transcripts in response to ABA, however, was relatively weak; the transcript levels obtained were only about one-fifth to one-tenth those obtained in response to low temperature. Whether this is an accurate reflection of the ABA responsiveness of the genes as opposed to being a consequence of possible inherent limitations in the experimental protocol (e.g. poor uptake of exogenous ABA) is uncertain. 
Present in at least 12 of the 14 indicated repeats.
DISCUSSION
Numerous studies indicate that the cold acclimation response is a quantitative trait and that it is associated with altered gene expression (10, 26) . Beyond this, however, little is known about the genetics of cold acclimation. How similar, at a genetic level, are cold acclimation mechanisms in higher plants? Do they involve related genes that encode related proteins? Are the low-temperature sensing and regulatory mechanisms highly conserved? Studies to address these and related questions are only in their infancy but have already begun to reveal interesting similarities. It has been noted, for example, that cold acclimation in spinach, Arabidopsis, and Poncirus trifoliata is associated with the synthesis of large acidic polypeptides of about 160 kD (5, 7, 11) . Cold-acclimated wheat also synthesizes large polypeptides, about 180 and 200 kD, although they are not as acidic as the spinach, Arabidopsis, and P. trifoliata polypeptides (16, 20) . Whether all of these polypeptides are functionally related is unknown. However, the 160-kD Arabidopsis polypeptide and the 180-and 200-kD polypeptides of wheat share at least one distinctive biochemical property: they remain soluble upon boiling in aqueous solution (16) . Indeed, cold acclimation in wheat and Arabidopsis is associated with the accumulation of tran- Figure 5 . Accumulation of transcripts that hybridize with cor39 in response to low temperature and decrease in their levels in response to normal growth temperature. A, Plants grown for 2 weeks at 20'C were transferred to 2'C for the indicated number of hours, and total RNA was isolated from leaf tissue. B, Plants that had been cold-acclimated at 2'C for 2 weeks were transferred to 22'C, and total RNA was isolated from leaf tissue after the indicated number of hours. Northern blots were prepared from the RNA samples (15 ,Mg) and hybridized with the pWG1 insert.
scripts that encode a number of boiling-stable polypeptides. Moreover, each of the four Arabidopsis cor genes for which we have isolated cDNA clones encodes a polypeptide that remains soluble upon boiling (28) . Thus, at least in Arabidopsis, genes encoding boiling-stable polypeptides are among the most highly induced at low temperature. Whether the boiling-stable property of the cold-regulated polypeptides reflects a function common to these polypeptides remains to be determined.
In this report, we document similarities in the expression of Arabidopsis and wheat cor genes. It was previously shown 20 with cor39 (Fig. 5) . In addition, the threshold temperature for accumulation of the cor39-related transcripts was found to be about 120C (Fig. 6) . Likewise, the transcript levels for three Arabidopsis cor genes was found to accumulate between 10 and 120C (27) . Finally, transcripts that are related to wheat cor39 accumulate in response to water stress and exogenous application of ABA (Fig. 8) , as do the transcripts for Arabidopsis cor47 and three other cor genes (12) .
Previous Southern analysis indicated that cor39 and cor47 had related DNA sequences (16) . The data presented here further define the relationship between these two genes. Specifically, both encode polypeptides that have a lysine-rich sequence in common. This sequence is repeated six times in COR39 and at least three times in COR47 (the complete amino acid sequence of COR47 is not available) (6 
